DNA damage induced by UV radiation is a critical event in skin photocarcinogenesis. However, the role of racial/ethnic origin in determining individual UV sensitivity remains unclear. In this study, we examined the relationships between melanin content and DNA damage induced by UV exposure in situ in normal human skin of different racial/ethnic groups, phototypes, and UV sensitivities. The minimal erythema dose (MED) was established for each subject exposed to UVA/UVB radiation, and skin was biopsied before as well as 7 min, 1 day, and 1 wk after UV exposure. There was great variation among individuals in the amount of DNA damage incurred and rates of its removal. The results show that after exposure to 1 MED of UV, the skin of subjects from all groups suffered significant DNA damage, and that increasing content of constitutive melanin inversely correlated with the amount of DNA damage. It is clear from these results that measured erythemal UV sensitivity of the skin (MED) is a more useful predictor of DNA photodamage than is racial/ethnic origin or skin phototype and that rates of DNA damage removal following UV radiation may be the critical determinant of the UV sensitivity (including predisposition to cancer) of the skin.
D
NA damage induced by UV radiation is a critical primary event in skin photocarcinogenesis (1) (2) (3) (4) (5) . Constitutive skin pigmentation dramatically affects the incidence of skin cancer, and the photoprotective function of melanin in the skin is highly significant. In the United States, rates of basal and squamous cell carcinomas are 50 times higher in Caucasians than in African Americans (6) (7) (8) , and African Americans actually have a 13-fold lower incidence of melanoma than do Caucasians. Whether the photoprotection afforded the skin is due solely to the role of melanin as a UV filter, or whether other properties of melanins or skin are also involved, is an important question that remains to be resolved (for reviews and specific references, see ref 9) .
Cyclobutane pyrimidine dimers (CPD) and (6-4)-photoproducts (64PP), the two major types of DNA lesions resulting from UV damage, are induced by UV radiation in human skin and are potentially carcinogenic (10) (11) (12) (13) (14) (15) . Melanin pigments have been reported to reduce the formation of DNA photoproducts in vivo and in vitro (7, (16) (17) (18) (19) (20) . However, there are significant gaps in our knowledge about the relationship between DNA damage/repair and the different types, quantities, forms, and distribution of melanin in the skin of individuals with different racial/ethnic origins and with different skin phototypes.
Melanin pigments produced by melanocytes give rise to virtually all visible color in the skin, hair, and eyes of mammals (for review and specific references, see ref 21) . Such pigments play several diverse and important roles, including thermoregulation in lower vertebrates, camouflage, and sexual attraction in virtually all species, as well as photoprotection of the skin in higher mammals. Pigmentation patterns in the skin are determined not only by the location of melanocytes in any given tissue but also by the type and amount of melanins they produce. Melanocytes must not only synthesize the melanin within membrane-bound organelles (melanosomes), but also must distribute those pigment granules to neighboring keratinocytes, which then carry them to the surface of the skin. Thus, interactions between melanocytes and keratinocytes are critically important to the color of the tissue, and the final distribution of melanin in the upper layers of the skin plays a significant role in determining its photoprotective value to the underlying cells. A recent in situ immunohistochemical study of explants from phototype 3 subjects used monoclonal antibodies that specifically recognize CPD or 64PP to demonstrate a significant inverse correlation between melanin content and DNA damage after UV irradiation (22) . Another study showed that the degree of pigmentation of cultured melanocytes was inversely proportional to the production of CPD and 64PP (23).
The melanocyte:keratinocyte complex in mammals is a highly interactive milieu that can respond relatively quickly to several environmental stimuli, often in paracrine and/or autocrine manners (24) . Some of the major factors that influence melanocyte proliferation and differentiation include UV radiation, melanocyte stimulating hormone, agouti signal protein, endothelins, and a variety of growth factors and cytokines. It is known that UV stimulates the production of endothelin 1 and proopiomelanocortin (the precursor of melanocyte stimulating hormone) by keratinocytes, and that those factors can then act as paracrine factors to stimulate melanocyte function (25, 26) . Melanocytes themselves respond to UV by increasing their expression of proopiomelanocortin and its receptor, the melanogenic enzymes tyrosinase and Tyrp1, protein kinase C, and other signaling factors (19, (27) (28) (29) (30) (31) . Those responses have been characterized in cell culture models and need to be confirmed in human skin in situ. It is clear that the responses of melanocytes and keratinocytes in the skin are complex and may vary significantly depending on the spectrum of UV used and on the phototype and the actual UV sensitivity of the skin (32, 33).
Acute and delayed adverse effects of UV exposure of the skin are widely recognized, but the role of racial/ethnic origin in determining individual UV sensitivity remains unclear. To improve public health policies in this area, the United States Food and Drug Administration (FDA) is actively involved in developing and revising relevant national and international standards. We have attempted to characterize the responses of melanocytes and keratinocytes in various types of skin to UV exposure and measure the photoprotective efficacy of different types of melanins. We now report the relationship between melanin content and DNA damage induced by UV exposure in situ in normal human skin of different racial/ethnic groups, phototypes, and UV sensitivities.
MATERIALS AND METHODS

Study subjects and characteristics
This study involved >60 volunteer subjects who represented the six different racial/ethnic groups defined by the United States Office of Management and Budget (OMB classification 0990-0208), as shown in Table 1 . Each subject was classified into one of the six skin phototypes as defined by Fitzpatrick (34) and also according to their UV sensitivity (Table 1) . To be eligible for this study, subjects had to be at least 20 years of age, in general good health, have a uniform skin color at the test sites (both sides of the lower back), be willing and able to follow the guidelines of the study, and be able to give informed consent. Exclusion parameters included a history of sun hypersensitivity or photosensitivity, use of medication(s) that might affect photosensitivity, recent sunburn or use of tanning beds within 3 wk of study entry (or during the study), a history of skin cancer or any neoplastic disease, a history of excessive scarring or skin infections, skin pigmentary abnormality, and substance abuse. This study was approved by the FDA Research Involving Human Subjects Committee, and informed consent was obtained from each of the study subjects.
UV irradiation
A bank of FS lamps (National Biological Corporation, Twinsburg, OH) was used as the source of UV radiation (60% UVA and 40% UVB). It was positioned ∼25 cm from the skin, and a Kodacel filter (Eastman Chemical Products, Kingsport, TN) was used to remove the UVC component.
The minimal erythema dose (MED) of each subject was determined to assess her or his UV sensitivity as follows: Seven 2-× 2-cm skin areas on one side of the back of each subject were exposed to increasing UV doses. The MED was then determined for each subject on the following day. Five 2-× 2-cm skin areas on the other side of the back of each subject were then exposed to 1 MED, and various measurements were taken at different times before and after exposure. Table 2 summarizes the characteristics of the 37 subjects exposed to 1 MED whose biopsies were analyzed in detail to study the relationships between DNA damage and changes in melanin content.
The same table lists 12 subjects of different skin types who were irradiated at a single dose (180-200 J/m 2 ). In addition, Table 2 characterizes 15 subjects whose biopsies were analyzed chemically for eumelanin and pheomelanin content. Some subjects were included in both the "1 MED" and the "180-200 J/m 2 " groups (their MED was between 180 and 200 J/m2 groups).
Skin biopsies
Shave biopsies, ∼4 mm in diameter, were taken before UV exposure, immediately (∼7 min) after exposure, and then 1 day and 7 days later. Each piece was placed dermis side down on a 13-mm 0.45-µm Millipore filter and cut in half. One of those skin samples was placed into 4% formaldehyde and was paraffin-embedded using standard procedures. Those paraffin sections were eventually used to quantitate melanin content, using Fontana-Masson staining. The other skin sample was placed in a Cryomold (Miles, IN) filled with OCT compound (Sakura Finetek, Torrance, CA) and was then quickly frozen in liquid nitrogen. Those frozen sections were eventually used to study DNA damage by indirect immunofluorescence. For chemical analysis, one of the skin samples was frozen without OCT.
Determination of DNA damage by immunofluorescence
DNA damage in the form of CPD and/or 64PP was detected in frozen sections by indirect immunofluorescence, using monoclonal antibodies (TDM-2 and 64M-2, respectively) and fluorescein isothiocyanate (FITC), as previously reported (22). In brief, samples were freezesectioned at 5-µm thickness, mounted in quadruplicate on silane-coated glass slides, and fixed with 0.001% paraformaldehyde in Dulbecco's phosphate-buffered saline (PBS) (pH 7.4) for 3 min at 4°C. After dehydration through a graded methanol series, the slides were boiled in 10 mM citrate buffer (pH 6.0) for 20 min and were then treated with 0.1% trypsin for 30 min at 23°C. The sections were treated with 70 mM NaOH in 70% ethanol for 15 min at 23°C to denature the DNA and were then treated with 100 µg/ml RNase A for 30 min at 37°C. They were subsequently incubated with 20% fetal bovine serum (FBS) (Atlanta Biologicals, Norcross, GA) for 30 min at 37°C and then with TDM-2 (at 1:40,000 dilution) or with 64M-2 (at 1:1,500 dilution) in 5% FBS at 4°C overnight. The slides were incubated with goat anti-mouse IgG (H + L) conjugated with biotin, F(ab') 2 fragment (Zymed, South San Francisco, CA) at 37°C for 30 min at 1:200 dilution in 5% FBS. They were then incubated with streptavidin conjugated with FITC (Zymed) at 37°C for 30 min at a 1:200 dilution in 5% FBS. Finally, nuclear DNA was counterstained with 10 µg/ml propidium iodide (PI; Sigma, St Louis, MO) at 37°C for 30 min and covered by a drop of Prolong Antifade (Molecular Probes, Eugene, OR). The FITC fluorescence could be superimposed over the PI fluorescence to show colocalization.
FITC and PI fluorescence was observed and analyzed using a Leica (Wetzlar, Germany) DMRB/DMLD microscope and computer software termed ScionImage (Scion, Frederick, MD). This system allows one to eliminate background fluorescence and to quantitate fluorescence intensity from the original images; data are recorded as integrated density over a given epidermal area. The formation of CPD or 64PP in the DNA of epidermal cells is then expressed as the ratio of the intensity of FITC fluorescence (for DNA damage) over the intensity of PI fluorescence (for localization of nuclei). Sections from subject S9 (taken immediately after UV) were stained in each experiment as an internal control for DNA damage. Ten randomly selected areas of each specimen were photographed and quantitated; % SE was usually <±5%.
Analysis of melanin content
Paraffin-embedded specimens fixed with formaldehyde were sectioned at 3 µm thickness, mounted on silane-coated glass slides (in duplicate), and stained by the Fontana-Masson method (35) . The Leica DMRB/DMLD microscope has an optical microscopic light source and measures transmitted light intensity. Melanin quantity was analyzed from the integrated density in given areas of the epidermis in each section, and care was taken to stain all sections under the same conditions. Again, 10 randomly selected areas of each specimen were photographed and quantitated; % SE was usually <5% of the mean.
Skin samples were analyzed chemically for melanin content as follows. Frozen samples were incubated in 2 mg/ml dispase in PBS at 4°C overnight. The epidermis was separated from the underlying dermis, freeze-dried, and weighed before the analysis of melanin content. The eumelanin and pheomelanin contents of the samples were then quantified as described previously (36-38). In brief, eumelanin was oxidized by permanganate to pyrrole-2,3,5-tricarboxylic acid (PTCA), which was then analyzed by high-performance liquid chromatography (HPLC) with UV detection. Pheomelanin was hydrolyzed with hydriodic acid to 4-amino-3-hydroxyphenylalanine (4-AHP), which was analyzed by HPLC with electrochemical detection. One nanogram PTCA approximates to 160 ng eumelanin, and 1 ng 4-AHP approximates to 9 ng pheomelanin.
RESULTS
Formation of DNA photoproducts and melanin content in UV-irradiated human skin
The induction and removal of DNA photoproducts in the skin after a UV exposure at the level of 1 MED was quantified for the 37 subjects shown in the top section of Table 2 . Typical examples of DNA damage for one subject (S26, a White male, skin phototype 4.5, UV sensitivity c) are shown in Figure 1 . DNA damage, measured as CPD (top 2 rows) or 64PP (bottom 2 rows), was extensive immediately after UV exposure and colocalized with nuclear DNA, as seen in the merged image (right column). Examination of images from unexposed controls and from those taken various times (7 min, 1 day, and 7 days) after UV exposure indicates that DNA damage was maximal immediately after irradiation and was gradually reduced toward the background level over time. Figure 2 shows representative data obtained for four subjects with different racial/ethnic backgrounds, phototypes, and UV sensitivities before and at various times after UV exposure. As noted previously, DNA damage (CPD and 64PP) peaked quickly immediately after UV exposure. However, the kinetics of DNA damage removal differed among the subjects, and not all subjects had recovered to baseline levels within 1 wk (note, for example, the relatively high level of CPD and 64PP remaining in S31 at 1 wk). Note also that levels of DNA damage measured as CPD that were induced by 1 MED UV were markedly higher in "White" skin than in "Asian" skin, and that levels of DNA damage in "Asian" skin were higher than in "Hispanic or Latino" or in "Black or African American" skin (summary statistics on this are presented later). In contrast, constitutive levels of melanin content were significantly higher in the "Latino" and in the "Black or African American" skin than in the "Asian" or in the "White" skin (summary statistics on this are presented later). Finally, while there was a slight increase in melanin content over the 1 wk after exposure to 1 MED in subject S81, melanin contents in the other three subjects remained essentially unchanged over this time period. Figure 3 summarizes DNA damage data for all subjects exposed to 1 MED UV sorted by racial/ethnic origin, by phototype, and by MED range. In general, the DNA damage was significantly greater in the lighter, more UV-sensitive skin types in each classification and was significantly lower in the darker, more UV-resistant skin. In this first part of the study, subjects were UV-irradiated at 1 MED, meaning that the darker, more UV-resistant skin types were exposed to significantly more UV (up to 10-fold) than did the lighter, more UV-sensitive skin types. In another subset of patients (as detailed in the middle section of Table 2), we examined whether different skin types exposed to the same physical UV dose (180-200 J/m 2 ) showed comparable kinetics of DNA damage removal. The results of that part of the study are shown in the bottom right panel of Figure 3 , and the curves generated had the same shape as the curves generated following exposure to 1 MED (only the curves sorted by MED range are shown).
Dynamics of DNA damage and melanin content changes after UV radiation
DNA damage according to various skin classifications
Melanin content before and after UV irradiation according to various skin classifications
Although Fontana-Masson staining has been used to visualize melanin pigmentation for many decades, the actual extent of a correlation (or lack of one) between Fontana-Masson staining and eumelanin and/or pheomelanin content in human skin has not been previously determined. For this reason, skin specimens from a subset of 15 of our subjects (shown in the bottom section of Table 2 ) were analyzed chemically for melanin content as well as for Fontana-Masson staining (Fig. 4, left) . There was a relatively good correlation between eumelanin content measured as PTCA and melanin content determined by Fontana-Masson staining (R 2 =0.6237, P<0.05), whereas there was no correlation with pheomelanin content (R 2 =0.0647, not significant).
When the average melanin content of all 15 specimens analyzed histochemically and chemically before and after UV radiation is examined (Fig. 4, right) , an excellent agreement can be seen between the melanin content estimated by both methods (with the exception of pheomelanin). Pheomelanin content is relatively low compared with eumelanin (typically 5-10% or less), and thus for the balance of this study, we consider the data generated from the Fontana-Masson staining as equivalent to the eumelanin or to the total melanin content. These data further underscore the fact that the average melanin content measured by histochemical staining or by chemical analysis does not change appreciably in human skin over the 7-day time course following UV exposure at doses corresponding to 1 MED. Figure 5 shows the melanin content determined by Fontana-Masson staining in the 33 subjects UV-irradiated at 1 MED and sorted by racial/ethnic origin, by phototype, and by UV sensitivity. In general, "White" and "Asian" skin had similarly low contents of melanin, whereas the "Hispanic or Latino," "Native Hawaiians or Other Pacific Islanders," and "Black or African American" skins had levels ranging from two-to fourfold higher. In a similar manner, subjects in UV sensitivity groups a and b had low levels of melanin, whereas those in groups c, d, e, and f had increasing amounts of melanin, and again these levels were two-to fourfold higher. Whereas amounts of melanin measured in the various skin types was consistent with expectations based on visible phenotype, only the darker, more UV-resistant groups had appreciable increases in melanin content within the 7-day time course of these experiments. The melanin contents in the skins of subjects UV-irradiated at the single equal dose (180-200 J/m 2 ) are shown in the bottom right of Figure 5 , and apparently such a dose was too small to induce melanogenesis within 1 wk.
Although only the melanin content of darker skins increased appreciably within 1 wk of a single 1-MED exposure, the skin color of the more UV-sensitive subjects usually did increase (i.e., a tan developed). The results of our diffuse reflectance study will be published separately (Zmudzka et al., unpublished results), but, in brief, the visible color of the skin changed appreciably in many subjects but not in others, and in those in which the skin pigmentation was increased, it persisted for long periods of time in some subjects but dissipated quickly in others.
This apparent paradox rests on the fact that the distribution of melanin is equally as important to visible color as is its chemical content. Figure 6 shows representative images of human skin in three ethnic groups (White, Asian, and Black or African American) immediately before and 1 wk after UV irradiation at 1 MED. Despite the fact that none of those subjects showed significant differences in melanin content before or after UV exposure (analyzed by Fontana-Masson stain and by chemical analysis), one can clearly see that there is more melanin visible in the upper layers of UV-irradiated skin in all three subjects. This is due to a more efficient distribution of existing melanin by the keratinocytes, particularly toward the upper layers of the skin.
The critical question is whether there is a significant correlation between constitutive pigment content in the skin and protection from DNA damage upon UV exposure. Figure 7 (left panel) shows the relationship between DNA damage immediately after UV exposure and the pre-UV exposure melanin content. There is an obvious inverse correlation between melanin content and DNA damage (R 2 =0.15), although the scatter of measurements precludes this being statistically significant.
Levels of DNA photoproduct removal were also calculated as the percentage of removal of damage toward the baseline level 7 days after the UV exposure, as compared with the maximal damage seen immediately after UV radiation. We found no correlation between melanin content or racial/ethnic group and the efficiency of DNA damage removal (Fig. 7, right) . Some subjects in each group were able to repair virtually 100% of the CPD damage within the 1-wk time course, whereas others from each group were very inefficient at doing that, with levels of repair as low as 40%.
DISCUSSION
Other investigators explored the UV protective function of melanin and melanogenesis by comparing the damage induced by UV exposure in untanned and tanned skin (39, 40) . Here, for the first time, we report observations on the effects of melanin on UV responses in different racial/ethnic groups. We compared levels of DNA damage (and their removal) as well as melanin content in the skins of human subjects representing six racial/ethnic origins and different phototypes and/or UV sensitivities. Several key observations were made: a) DNA damage in all subjects was greatest immediately following UV exposure and was gradually repaired thereafter; b) rates and efficiencies of removal of DNA lesions differed dramatically between subjects in all groupings; c) although DNA damage was most severe in the light skin, UV-sensitive skin types, even the darkest, UV-resistant skin types, incurred significant DNA damage at levels ≤1 MED; and d) there was a significant inverse correlation between constitutive skin pigmentation and the extent of DNA damage. Thus, even very low UV exposures cause measurable damage to DNA in all types of skin, further underscoring the fact that there is no such thing as totally UV-resistant skin.
Role of distribution of melanin in visible skin pigmentation and photoprotection
It is clear from these results that melanin does afford significant protection against DNA damage in underlying skin cells, a concept previously supported by tissue culture and organ model systems (22, 23) . Melanin can absorb UV very efficiently at most wavelengths, and an important consideration is whether the protective benefits of melanin derive solely from its function as a filter. Our data show that levels of melanin are approximately fourfold higher in "Black or African American" skin than in "White" skin, whereas levels of DNA damage were approximately seven-to eightfold lower in "Black or African American" skin than in "White" skin (other racial/ethnic skin types gave consistently intermediate values). Thus, the absolute amount of melanin in the skin is an important factor, but as noted previously, the distribution of that melanin plays an at least equally important role in determining visible skin color and as a consequence, on UV absorption (and photoprotection of underlying cells). If one examines the skin pigmentation seen in subject S19 (Fig. 6) , who has "White" skin, and compares that with the "Black or African American" skin of subject S35, the difference in pigmentation appears visually to differ by >20-fold, yet the actual difference in melanin content between those two subjects is about sevenfold (before or after UV). This apparent discrepancy is due to the different distribution patterns of melanin in "Black" skin, in which the pigment is dispersed in individual melanosomes that are more efficient in absorption, rather than as clusters of melanosomes that are found in "White" skin (41, 42) . The increase in distribution of melanin particles in all skin types following UV exposure can be seen after 1 wk, and in an independent study, we recently reported that UV stimulates melanocytes and keratinocytes to increase their melanosome transfer activities (43). Other properties of melanin, such as its antioxidant properties and its radical scavenging properties, have been suggested to help detoxify UV damage in cells (44, 45) , and those properties probably also play roles in minimizing UV damage to melanocytes and/or keratinocytes.
Removal of DNA damage following UV radiation
In our estimation, an important factor identified in this study is the highly variable rate of DNA damage removal/repair among subjects, even within individual groups. Some subjects were highly efficient at repairing DNA lesions, and no DNA damage was evident 1 wk after UV exposure, whereas other subjects were very inefficient and repaired <50% of the initial UV damage within 1 wk. A recent study (40) used a radiolabeling assay to measure the repair of CPD and 64PP in human skin after UV exposure, and it noted that in 16 of 17 patients (phototypes 2 and 4), between 2% and 9% of the initial DNA damage (as CPD) was still detectable 3 wk after the DNA exposure. The study also noted that there was no association between DNA repair rates and skin type, which agrees with the findings of our study. This conclusion was also reached using cultured melanocytes derived from skin types 1 or 6, that is, there were no significant differences in DNA repair between the highly pigmented and less pigmented melanocytes (23, 46) . It may be that although the initial amount of DNA damage is one critical factor to ensuing photocarcinogenesis, as is of course the nature of the gene(s) mutated, the efficiency of DNA repair may be at least equally important in minimizing the passage of critical mutations to daughter cells.
Epidemiologic evidence has indicated UV irradiation as a major cause of skin cancer in humans (2, 47, 48) . Racial/ethnic origin and UV sensitivity are important factors determining individual UV damage and nucleotide excision repair efficiency is an important parameter in quickly and efficiently repairing that damage. Delays in accurately repairing UV-induced DNA lesions are thought to be closely correlated with mutations being passed on to daughter cells, which eventually leads to skin carcinogenesis. It is clear from this study that evaluation of skin according to its UV sensitivity (MED range) is a more accurate measure to predict levels of DNA damage following UV radiation, and, in turn, this classification correlates closely with melanin content in the skin. Future study will further evaluate parameters important to the UVinduced damage and subsequent repair of DNA lesions and the photoprotective role of melanin in various skin types, which should also lead to a better understanding of racial/ethnic differences in skin. Representative specimens from one subject (S26, a white male, skin phototype 4.5, UV sensitivity group c) are shown.
The column to the right shows the merged images, and colocalization of DNA over the nuclei is seen as the yellow color. Rows 1 and 3 show skin before UV radiation, Rows 2 and 4 show skin immediately after (~7 min) UV radiation. Rows 1 and 2 are stained with TDM-2 (to detect CPD); Rows 3 and 4 are stained with 64M-2 (to detect 64PP). Representative examples of data obtained from four subjects of different racial/ethnic backgrounds, phototypes, and UV sensitivities, assessed for DNA damage and melanin content before UV radiation and at various times thereafter. The formation of CPD and 64PP in epidermal cells is expressed as the ratio of the intensities of the FITC fluorescence for DNA damage and that of the PI fluorescence for nuclear DNA. Melanin content is as assessed by Fontana Masson staining. The subject number is listed, along with racial/ethnic origin, phototype, and MED range, using the annotations described in Table 1 . (□, CPD content; , 64PP content; ■, melanin content.) Results are reported as means ±SE (n=10); if error bars are not visible, they were smaller than the symbols. The relationship between melanin content and DNA damage measured immediately after UV irradiation at 1 MED is shown; the racial/ethnic group of each subject is shown in the inset; Right) The relationship between melanin content and amount of DNA damage remaining at 7 days after UV irradiation at 1 MED is shown; 100% reflects complete removal of DNA damage, (i.e. level has returned to the level measured before UV irradiation); DNA damage and melanin content was assessed as detailed in Figure 2 .
